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ABSTRACT 
An exper imenta l  i n v e s t i g a t i o n  of t h e  i n t e r a c t i o n  of a  heated 
j e t  w i t h  a  d e f l e c t i n g  f low has  been performed i n  a  wind t u n n e l .  
The secondary ( j e t )  f low i s  in t roduced  a t  a n g l e s  of 90' and 35' 
t o  t h e  mainstream f low d i r e c t i o n .  V i s u a l i z a t i o n  s t u d i e s  u s i n g  
t u f t s  of  ya rn  and a carbon d iox ide -wa te r  fog  a r e  r e p o r t e d .  Tem- 
p e r a t u r e  p r o f i l e s  i n  t h e  i n t e r a c t i o n  r e g i o n  a r e  p re sen t ed  f o r  
blowing r a t e s  ( r a t i o  of  mass f l u x  of i n j e c t e d  gas  t o  mass f l u x  
of  f r ee s t r eam)  from 0 .1  t o  2.0 f o r  normal i n j e c t i o n  and a t  blowing 
r a t e s  of 1 . 0  and 2.0 f o r  35 degree  i n j e c t i o n .  V e l o c i t y  and t u r -  
bulence i n t e n s i t y  p r o f i l e s  a r e  r e p o r t e d  f o r  normal i n j e c t i o n  a t  
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I .  SUMMARY 
. , 
This  r e p o r t  summarizes an exper imenta l  i n v e s t i g a t i o n  of t h e  
i n t e r a c t i o n  of a  hea ted  subsonic  c i r c u l a r  a i r  j e t  i s s u i n g  i n t o  a  
subsonic  main f low of a i r .  
V i s u a l i z a t i o n  s t u d i e s  p r e s e n t  in format ion  on t h e  g e n e r a l  
shape and p a t h  of t h e  j e t .  The i n s t an t aneous  j e t  boundary i s  
found t o  be ve ry  i r r e g u l a r  w i th  l a r g e  s c a l e  edd ie s .  A s  t h e  j e t  
e n t e r s ,  mainstream a i r  i s  e n t r a i n e d  from t h e  s i d e s  f i l l i n g  t h e  
low p r e s s u r e  r eg ion  immediately downstream of t h e  j e t .  A t  l a r g e  
blowing r a t e s  a  r e v e r s e  f low r e g i o n  i s  found t o  e x i s t  on t h e  down- 
s t ream s i d e  of t h e  e n t e r i n g  j e t .  
Temperature p r o f i l e s  show i n c r e a s i n g  j e t  p e n e t r a t i o n  wi th  
i n c r e a s i n g  blowing r a t e s .  The w a l l  t empera ture  i s  i n f luenced  i n  
two c o u n t e r a c t i n g  ways a s  t h e  blowing r a t e  i s  i nc rea sed .  The i n -  
c reased  secondary mass f low and r e s u l t i n g  i n c r e a s e d  en tha lpy  
a d d i t i o n  t o  t h e  s t ream t ends  t o  i n c r e a s e  t h e  t empera ture .  How- 
e v e r ,  t h e  i nc rea sed  p e n e t r a t i o n  moves t h e  j e t  a x i s  f a r t h e r  from 
t h e  wa l l  and t ends  t o  lower t h e  w a l l  t empera ture .  
Comparisons between pe rpend icu l a r  and 35 degree  i n j e c t i o n  
show t h a t  t h e r e  i s  l e s s  p e n e t r a t i o n  and less  v e r t i c a l  and l a t e r a l  
sp read ing  f o r  35 degree  i n j e c t i o n .  
V e l o c i t y  p r o f i l e s  f o r  a  j e t  e n t e r i n g  p e r p e n d i c u l a r  t o  t h e  
ma ins t r eam a r e  p r e s e n t e d .  Low v e l o c i t i e s  a r e  measured n e a r  t h e  
w a l l  d i r e c t l y  downstream of  t h e  incoming j e t .  Above t h i s  r e g i o n  
t h e  v e l o c i t y  i n c r e a s e s  r e a c h i n g  a  maximum which can  be g r e a t e r  
t h a n  t h e  f r e e s t r e a m  v e l o c i t y  and t h e n  d e c r e a s e s  t o  t h e  f r e e s t r e a m  
v a l u e .  Very l a r g e  t u r b u l e n c e  i n t e n s i t i e s  a r e  measured i n  t h e  low 
, , 
v e l o c i t y  r e g i o n .  Some d i s t o r t i o n  o f  t h e  ma ins t r eam i s  obse rved  
a s  f a r  a s  t w e n t y - s i x  d i a m e t e r s  downstream o f  t h e  i n j e c t i s o n  p o s i t i o n .  
I I  . INTRODUCTION 
The i n t e r a c t i o n  o f  a  - c i r c u l a r  j e t  w i t h  a  s u b s o n i c  
d e f l e c t i n g  s t r e a m  h a s  r e c e n t l y  been  t h e  s u b j e c t  of  renewed i n t e r e s t ,  
T h i s  t y p e  o f  f l o w  c o n f i g u r a t i o n  e x h i b i t s  many f e a t u r e s  such  a s  
p r o d u c t i o n  o f  l a r g e  s c a l e  e d d i e s  and  h i g h  l e v e l s  o f  t u r b u l e n c e  
i n c l u d i n g  f l o w  r e v e r s a l  which  a r e  o f  i n t e r e s t  i n  b a s i c  f l u i d  dynamics.  
In  a d d i t i o n ,  t h e r e  a r e  a number of  a p p l i c a t i o n s  o f  t h i s  t y p e  o f  
f l o w ,  such  a s  f i l m  c o o l i n g ,  mixing  of  two f l u i d  s t r e a m s ,  and im- 
pingement  c o o l i n g .  I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  t h e s e  d i f f e r e n t  
a p p l i c a t i o n s  have  d i f f e r e n t  d e s i d e r a t u m s  i n  t e r m s  o f  t h e  p a t h  o f  
t h e  j e t .  Thus,  i n  f i l m  c o o l i n g  i t  i s  of  i n t e r e s t  t h a t  t h e  j e t  
r e m a i n s  a s  c l o s e  a s  p o s s i b l e  t o  t h e  w a l l  f rom which i t  i s s u e s .  In  
mixing  o f  two s t r e a m s  i t  i s  u s u a l l y  d e s i r a b l e  t h a t  t h e  j e t  mixes  
f u l l y  and  u n i f o r m l y  w i t h  t h e  main f l o w .  With impingement c o o l i n g  
t h e  j e t  s h o u l d  p e n e t r a t e  a c r o s s  t h e  f l o w  and s p r e a d  i t s e l f  o u t  on 
t h e  s u r f a c e  o p p o s i t e  t h a t  from which it is  i n j e c t e d .  
The p r e s e n t  p a p e r  r e p o r t s  on t h e  e x p e r i m e n t a l  r e s u l t s  o f  an 
i n v e s t i g a t i o n  which i s  conce rned  w i t h  f i l m  c o o l i n g  u t i l i z i n g  i n -  
j e c t i o n  o f  a i r  t h r o u g h  c i r c u l a r  h o l e s  i n t o  an a i r  ma ins t r eam,  
The o v e r a l l  aim i s  t o  o b t a i n  a  b e t t e r  u n d e r s t a n d i n g  of  f i l m  c o o l i n g .  
I n  o r d e r  t o  accompl i sh  t h i s  i t  i s  n e c e s s a r y  t o  s t u d y  t h e  more 
fundamenta l  p r o c e s s  by which f l u i d  j e t s  i n t e r a c t  w i t h  ma ins t r eams  
i n  t h e  ne ighborhood  o f  s o l i d  s u r f a c e s .  With f u r t h e r  u n d e r s t a n d i n g  
of  t h e  b a s i c  p r o c e s s e s  t h e  a b i l i t y  t o  p r e d i c t  f i l m  c o o l i n g  a s  w e l l  
a s  The o t h e r  a p p l i c a t i o n s  ment ioned  above s h o u l d  be  g r e a t l y  
enhanced.  
The s t u d y  r e p o r t e d  h e r e i n  c o n c e r n s  p r i m a r i l y  t h e  i n t e r a c t i o n  
o f  a  j e t  w i t h  t h e  f l o w  s t r e a m .  R e s u l t s  a r e  r e p o r t e d  of  f l o w  v i s -  
u a l i z a t i o n  s t u d i e s ,  t e m p e r a t u r e  measurements  i n  t h e  f l o w  f i e l d  f o r  
h e a t e d  i n j e c t i o n ,  and v e l o c i t y  measurements  i n  t h e  f l o w  f i e l d  f o r  
a n  u n h e a t e d  j e t .  A t u r b u l e n t  boundary l a y e r  e x i s t s  on t h e  w a l l  
t h r o u g h  which t h e  j e t  e x i t s ,  and t h i s  w a l l  i s  d e s i g n e d  t o  be 
a d i a b a t i c .  Tempera ture  p r o f i l e s  a r e  r e p o r t e d  f o r  b lowing r a t e  
p a r a m e t e r s  f rom 0 .1  t o  2.0 f o r  normal  i n j e c t i o n ,  and b lowing r a t e  
p a r a m e t e r s  o f  1 . 0  and 2.0 f o r  35' i n j e c t i o n .  V e l o c i t y  and t u r b u l e n c e  
i n t e n s i t y  p r o f i l e s  a r e  o b t a i n e d  a t  blowing r a t e  p a r a m e t e r s  of  1 . 0  
and 2 . 0  f o r  i n j e c t i o n  o f  an  u n h e a t e d  j e t  p e r p e n d i c u l a r  t o  t h e  main-  
s t r e a m .  
111. REVIEW OF PREVIOUS STUDIES  
The f l o w  f i e l d  f o l l o w i n g  i n j e c t i o n  from a  s i n g l e  h o l e  i n t o  a 
ma ins t r eam has  r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n .  Lee ( 1 ) "  - p r e s e n t s  
a  b r i e f  r ev iew o f  t h e  l i t e r a t u r e .  A q u a l i t a t i v e  d e s c r i p t i o n  o f  t h e  
i n t e r a c t i o n s  which o c c u r  and t h e  s h a p e  o f  t h e  f l o w  f i e l d  i s  p r e s e n t e d  
by K e f f e r  and Ba ines  ( 2 )  - and Abramovich ( 3 ) .  - A f l o w  d iag ram f o r  a 
secondary  f l o w  e n t e r i n g  t h r o u g h  a  c i r c u l a r  8 ~ b e  normal  t o  the f r e e -  
s t r e a m  i s  p r e s e n t e d  i n  F i g u r e  1, based  on t h e  d i s c u s s i o n s  i n  ( 2 )  - and 
(3) and on f l o w  v i s u a l i z a t i o n  r e s u l t s  o f  t h e  p r e s e n t  s t u d y .  A s  t h e  
j e t  of f l u i d  l e a v e s  t h e  s u r f a c e  it r e t a r d s  t h e  main f l o w  a l o n g  t h e  
ups t r eam s i d e  o f  t h e  j e t  c a u s i n g  an  i n c r e a s e d  p r e s s u r e .  A t  t h e  
downstream s i d e  o f  t h e  j e t  a  r a r e f a c t i o n  o c c u r s .  T h i s  p r e s s u r e  
d i f f e r e n c e  p r o v i d e s  t h e  f o r c e  n e c e s s a r y  t o  deform t h e  j e t .  J o r -  
d i n s o n  ( 4 )  - h a s  compared t h i s  f l o w  t o  t h a t  a round a  p o r o u s  c y l i n d e r  
w i t h  s u c t i o n .  The j e t  t a k e s  on a  "horseshoe"  o r  "kidney" s h a p e .  
Abramovich (3 )  - e x p l a i n s  t h i s  d e f o r m a t i o n  o f  t h e  je t ' s  c r o s s - s e c t i o n  
by t h e  c h a r a c t e r  o f  i t s  i n t e r a c t i o n  w i t h  t h e  d e f l e c t i n g  f l o w .  
Because of t h e  i n t e n s i v e  i n t e r m i x i n g  o f  t h e  j e t  w i t h  t h e  d e f l e c t i n g  
f l o w ,  a  t u r b u l e n t  l a y e r  q u i c k l y  d e v e l o p s  a round  t h e  p e r i p h e r y  of  the 
j e t .  The s l o w e r  p e r i p h e r a l  p a r t i c l e s  of  t h e  j e t  a r e  more f o r c e f u l l y  
b e n t  away from t h e  i n i t i a l  d i r e c t i o n  t h a n  t h e  h i g h e r  v e l o c i t y  p a r -  
t i c l e s  o f  t h e  c o r e  and a r e  moved a l o n g  more c u r v e d  t r a j e c t o r i e s  by 
t h e  d e f l e c t i n g  f l o w  l e a d i n g  t o  t h e  h o r s e s h o e  s h a p e .  The d e f l e c t i n g  
f l o w  and c i r c u l a t o r y  zones  c a u s e  t h e  p a r t i c l e s  of  t h e  j e t  to b r a n c h  
* U n d e r l i n e d  numbers i n  p a r e n t h e s e s  d e s i g n a t e  r e f e r e n c e s  l i s t e d  i n  
t h e  13ib l iography.  
b 
o u t  more and more from t h e  p l a n e  o f  symmetry. C o n s e q u e n t l y ,  t h e  
l e g s  o f  t h e  "hor seshoe"  move a p a r t .  T h i s  g i v e s  r i s e  t o  a d d i t i o n a l  
c i r c u l a t o r y  o r  v o r t e x  motion i n  t h e  j e t .  The a c t i o n  of  t h e  v o r t i c e s  
augments t h e  e n t r a i n m e n t  o f  f l u i d ,  c a u s i n g  i n t e r n a l  c i r c u l a t i o n  and 
l a r g e  s c a l e  mix ing  w i t h i n  t h e  j e t .  
The d e f o r m a t i o n  and t u r n i n g  o f  t h e  j e t  i s  s t r o n g l y  a f f e c t e d  
hy t h e  mass v e l o c i t y  r a t i o  o r  b lowing r a t e ,  M .  I n  g e n e r a l ,  t h e  l a r g e r  
t h e  b lowing r a t e  t h e  f a r t h e r  t h e  i n j e c t e d  f l u i d  p e n e t r a t e s  i n t o  t h e  
main f l o w .  With normal  i n j e c t i o n  a t  b lowing r a t e s  up t o  a p p r o x i m a t e l y  
4 t h e  p o t e n t i a l  c o r e  o f  t h e  j e t  ( t h e  r e g i o n  where t h e  v e l o c i t y  i s  
e q u a l  t o  t h e  i n i t i a l  j e t  v e l o c i t y )  i s  d e f l e c t e d  by t h e  p r e s s u r e  f i e l d  
( 2 ) .  A t  s t i l l  l a r g e r  b lowing r a t e s  t h e  p o t e n t i a l  c o r e  i s  c o n i c a l  
w i t h  t h e  apex  a l m o s t  d i r e c t l y  above t h e  c e n t e r  sf t h e  j e t  o r i f i c e .  
E x p e r i m e n t a l  s t u d i e s  t o  d e t e r m i n e  t h e  f l o w  c o n d i t i o n s  w i t h  iso- 
t h e r m a l  mixing  of a  j e t  and mains t ream of  t h e  same f l u i d  a r e  d e s c r i b e d  
by a  number o f  i n v e s t i g a t o r s  (1, - - 2 ,  3, 4, 5). I n  t h e s e  i n v e s t i g a t i o n s  
t h e  f l u i d  j e t  i s  i n j e c t e d  normal  t o  t h e  mains t ream and a t  b lowing 
r a t e s  g r e a t e r  t h a n  o r  e q u a l  t o  two. G o r d i e r  ( 5 )  u s e d  w a t e r  w h i l e  
- 
i n  t h e  o t h e r  i n v e s t i g a t i o n s  a i r  was u s e d .  The g e n e r a l  shape  of t h e  
d e f l e c t e d  j e t  a x i s  i s  e s s e n t i a l l y  t h e  same i n  t h e  v a r i o u s  i n v e s t i -  
g a t i o n s  ( 6 ) .  - The measured h e i g h t  o f  t h e  j e t  a x i s  u s i n g  a i r  a s  t h e  
working f l u i d  a g r e e s  w i t h  an e m p i r i c a l  e q u a t i o n  w i t h i n  a p p r o x i m a t e l y  
t e n  p e r c e n t  i n  a i r  t e s t s  ( 2 ,  4 ) ,  w h i l e  t h e  j e t  i s  a b o u t  2 0 %  h i g h e r  
- - 
i n  a  s t u d y  i n  which w a t e r  was used  ( 5 ) .  The g r e a t e r  p e n e t r a t i o n  i n  
- 
t h e  w a t e r  e x p e r i m e n t s  may be  due  t o  t h e  r e l a t i v e l y  t h i c k  mains t ream 
boundary l a y e r  which  was p r e s e n t .  
One s e m i - e m p i r i c a l  a n a l y s i s  (3)  - f o r  t h e  p o s i t i o n  of t h e  j e t  
a x i s  i n  a  d e f l e c t i n g  f l o w  c o n s i s t s  o f  a  f o r c e  b a l a n c e  on t h e  j e t  
u s i n g  measured j e t  c r o s s - s e c t i o n s  and e x p a n s i o n  r a t e s  and an e m p i r i -  
c a l  aerodynamic  f o r c e  c o n s t a n t .  P r o p e r  s e l e c t i o n  o f  e m p i r i c a l  c o n -  
s t a n t s  y i e l d s  r e a s o n a b l e  agreement  w i t h  e x p e r i m e n t a l  d a t a  f o r  a  d i s -  
t a n c e  of  a p p r o x i m a t e l y  t h r e e  o r  f o u r  d i a m e t e r s  from t h e  p o i n t  of  
i n j e c t i o n .  The d i s t o r t i o n  and  d e f l e c t i o n  o f  a  normal  j e t  due  t o  
dynamic p r e s s u r e  f o r c e s  a c t i n g  on it d u r i n g  t h e  f i r s t  d i a m e t e r  o f  
t r a v e l  h a s  a l s o  been  c a l c u l a t e d  ( 7 ) .  P o t e n t i a l  f l o w  i s  assumed and 
- 
t h e  p r e s s u r e  d i s t r i b u t i o n  a b o u t  t h e  j e t  a t  t h e  p l a n e  o f  e g r e s s  i s  
assumed i d e n t i c a l  t o  t h a t  a b o u t  an i n f i n i t e  c y l i n d e r  o f  t h e  same 
d i a m e t e r  i n  a n  a i r  s t r e a m  a t  t h e  same Reynolds number. The p a t h  
o f  t h e  j e t  a x i s  i s  t h e n  d e t e r m i n e d  by e x t r a p o l a t i n g  t h e  d e f l e c t i o n  
c u r v e .  F a i r  agreement  i s  i n d i c a t e d  ( 7 )  w i t h  expe r imen t  f o r  a p p r o x i -  
- 
m a t e l y  t h r e e  d i a m e t e r s  downstream o f  t h e  i n j e c t i o n  l o c a t i o n .  
E x t e n s i v e  s t u d i e s  of  t h e  p e n e t r a t i o n  o f  h e a t e d  a i r  j e t s  i n t o  
d e f l e c t i n g  a i r  s t r e a m s  have been conduc ted  by NACA. The j e t s  a r e  
i n t r o d u c e d  a t  c o n s i d e r a b l y  h i g h e r  t e m p e r a t u r e s  t h a n  t h e  main f l o w  
( 1 6 0  t o  18s0c),  and t h e  d e p t h  of  p e n e t r a t i o n  i s  s e n s e d  w i t h  a  t emper -  
a t u r e  p r o b e .  The f i r s t  i n v e s t i g a t i o n  ( 8 )  r e p o r t s  t h e  p e n e t r a t i o n  o f  
- 
a  c i r c u l a r  a i r  j e t  d i r e c t e d  p e r p e n d i c u l a r  t o  t h e  d e f l e c t i n g  f low.  
The p e n e t r a t i n g  d e p t h  o f  t h e  upper  edge  o f  t h e  j e t ,  d e f i n e d  a s  t h e  
h e i g h t  above t h e  w a l l  a t  which t h e  t e m p e r a t u r e  o f  t h e  j e t  exceeds  t h e  
0 t e m p e r a t u r e  of t h e  ma ins t r eam by a b o u t  % C ,  i s  e m p i r i c a l l y  c o r r e l a t e d  
a s  a  f u n c t i o n  of d e n s i t y  and v e l o c i t y  r a t i o s  of  t h e  j e t  and ma ins t r eam 
f l o w s .  The c o r r e l a t i o n  i s  improved by t h e  i n c l u s i o n  o f  t h e  o r i f i c e  
c o e f f i c i e n t  (9)  - i n  d e f i n i n g  an e f f e c t i v e  o r i f i c e  d iamete r  (10 ) .  - 
S t u d i e s  of dep th  p e n e t r a t i o n  from c i r c u l a r ,  square  and e l l i p t i c a l  
o r i f i c e s  (10) - i n d i c a t e  t h e  p e n e t r a t i o n  dep th  i s  g r e a t e s t  f o r  square  
o r i f i c e s  and lowest  f o r  c i r c u l a r  o r i f i c e s .  Gordier  ( 5 )  - compares 
h i s  r e s u l t s  f o r  t h e  l o c a t i o n  o f  t h e  upper edge of t h e  j e t ,  a s  d e t e r -  
mined from v i s u a l i z a t i o n  s t u d i e s ,  w i th  t h e  r e s u l t s  of (10) - and f i n d s  
good agreement. Temperature p r o f i l e s  a r e  measured f o r  pe rpend icu l a r  
i n j e c t i o n  (11) - and f o r  a n g l e s  of g o 0 ,  60°, 45' and 30' t o  t h e  main 
Plow (12) .  - The t u n n e l  used f o r  t h e  NACA exper iments  i s  q u i t e  narrow 
and most of  t h e  d a t a  i s  taken  a t  downstream p o s i t i o n s  where t h e  j e t  
has expanded t o  t h e  s i d e  w a l l s .  Th is  confinement of t h e  j e t  by t h e  
s i d e  w a l l s  may s t r o n g l y  e f f e c t  t h e  shape of t h e  measured p r o f i l e s  
and t h e  p e n e t r a t i o n  dep th .  
An exper imenta l  i n v e s t i g a t i o n  has  been c a r r i e d  ou t  a t  t h e  
U n i v e r s i t y  of Minnesota t o  determine a d i a b a t i c  w a l l  t empera ture  d i s -  
t r i b u t i o n s  w i t h  i n j e c t i o n  of a i r  through a  d i s c r e t e  c i r c u l a r  ho l e  
i n t o  a  t u r b u l e n t  boundary l a y e r  of a i r  on a  f l a t  p l a t e  (13 ,  - - 1 4 ) .  
These exper iments  a r e  conducted f o r  a  range of blowing r a t e  p a r a -  
meters  from 0 .1  t o  2 . 0  wi th  an a i r  j e t  e n t e r i n g  a t  an ang le  of 
e i t h e r  35' o r  90' t o  t h e  main f low. Basic  t r e n d s  f o r  t h e  two i n j e c -  
t i o n  a n g l e s  a r e  found t o  be s i m i l a r  w i t h  d i f f e r e n c e s  occur ing  on ly  
a t  l a r g e  i n j e c t i o n  r a t e s .  The d imens ion less  a d i a b a t i c  w a l l  temper-  
a t u r e  o r  e f f e c t i v e n e s s  (Baw/B2) r eaches  a  maximum f o r  a  blowing 
r a t e  paramete r  of approximately  one h a l f .  I n j e c t i o n  a t  an ang le  of 
35' y i e l d s  cons ide rab ly  h igher  f i l m  coo l ing  e f f e c t i v e n e s s ,  e s p e c i a l l y  
a t  l a r g e r  blowing r a t e s .  
IV . APPARATUS AND OPERATING CONDITIONS 
Wind Tunnel  
The p r e s e n t  i n v e s t i g a t i o n  i s  c a r r i e d  o u t  i n  a  s u b s o n i c  wind 
t u n n e l  c a p a b l e  of  a i r  v e l o c i t i e s  o f  u p  t o  s e v e n t y  m e t e r s  p e r  second 
i n  t h e  t e s t  s e c t i o n .  The main f l o w  of  a i r ,  drawn from t h e  room, 
p a s s e s  t h r o u g h  a n  e n t r a n c e  s e c t i o n ,  t e s t  s e c t i o n ,  and d i f f u s e r .  
I t  t h e n  f l o w s  t o  t h e  b lower ,  f rom which it i s  d i s c h a r g e d  th rough  
a  s i l e n c e r  t o  t h e  o u t s i d e .  The t u n n e l  i s  d e s c r i b e d  i n  d e t a i l  
i n  R e f e r e n c e s  ( 6 ,  1 3 ,  and 1 4 ) .  
- - - 
The t e s t  s e c t i o n  of t h e  wind t u n n e l  i s  20.3 cm x 20.3 cm i n  
c r o s s  s e c t i o n .  The mains t ream t u r b u l e n c e  i n t e n s i t y  i n  t h e  absence  
o f  secondary  f l o w  i s  a p p r o x i m a t e l y  0 . 5  p e r c e n t  a t  a  mains t ream 
v e l o c i t y  o f  30 m e t e r s  p e r  second .  A 0.064 an d i a m e t e r  boundary l a y e r  
t r i p  w i r e  i s  l o c a t e d  on t h e  bot tom w a l l  of  t h i s  segment a p p r o x i m a t e l y  
3.8cm downstream from t h e  end o f  t h e  c o n t r a c t i o n  s e c t i o n .  The down- 
s t r e a m  end of t h e  i n j e c t i o n  t u b e  is  a b o u t  20cm from t h i s  t r i p  w i t h  
t h e  normal i n j e c t i o n  t u b e  and a b o u t  4 5  cm f o r  t h e  35' t u b e .  The 
i n j e c t i o n  o f  t h e  s e c o n d a r y  a i r  i s  t h r o u g h  a  2.35cm ID s t a i n l e s s  
s t e e l  t u b e  a p p r o x i m a t e l y  one  me te r  l o n g .  F u l l y  deve loped  t u r b u l e n t  
f l o w  i s  p r e s e n t  a t  t h e  t u b e  e x i t .  The s e c o n d a r y  a i r  t e m p e r a t u r e ,  
T 2 ,  i s  t a k e n  a s  t h a t  measured by thermocouples  a t t a c h e d  t o  t h e  i n -  
j e c t i o n  t u b e  a t  p o s i t i o n s  44 and 6  d i a m e t e r s  ups t ream of  i t s  end 
(bo th  of which i n d i c a t e  t h e  same t e m p e r a t u r e ) .  
The t e s t  s e c t i o n  downstream of  t h e  i n j e c t i o n  l o c a t i o n  c o n t a i n s  
thermocouples  f o r  measur ing  w a l l  t e m p e r a t u r e  d i s t r i b u t i o n  downstream 
of  t h e  i n j e c t i o n .  The bot tom w a l l  i s  a n  a d i a b a t i c  t e s t  p l a t e  des igned  
a c c o r d i n g  t o  t h e  f o l l o w i n g  c o n s i d e r a t i o n s :  i t  s h o u l d  have  a r a p i d  
t h e r m a l  r e s p o n s e  and i t  s h o u l d  be  a d i a b a t i c  i n c l u d i n g  low conduc t  i o n  
i n  a l l  d i r e c t i o n s  p a r a l l e l  t o  t h e  p l a t e  s u r f a c e .  I t  c o n s i s t s  of  
a  0 . 3 2  cm T e x t o l i t e  p l a t e  t h i n n e d  t o  0.16cm a t  t h e  thermocouple  
l o c a t i o n s ,  backed by a p p r o x i m a t e l y  5  cm o f  S tyrofoam i n s u l a t i o n ,  
P robes  
?'he t e m p e r a t u r e  p r o b e  t o  s u r v e y  t h e  a i r  s t r e a m  c o n s i s t s  of a 
the rmocoup le  s t r e t c h e d  a c r o s s  two s u p p o r t s .  The j u n c t i o n  i s  made 
l a r g e  (0 .13  cm d i a m e t e r  o r  a p p r o x i m a t e l y  t e n  w i r e  d i a m e t e r s )  i n  
o r d e r  t o  ni inimize c o n d u c t i o n  e f f e c t s  i n  t h e  t h r e e  d i m e n s i o n a l  temp- 
e r a t u r e  f i e l d  i n v e s t i g a t e d .  The r e f e r e n c e  j u n c t i o n  f o r  t h e  p r o b e  
i s  l o c a t e d  on  t h e  w a l l  o f  t h e  t u n n e l  t e s t  s e c t i o n  a t  a  p o i n t  ups t r eam 
o f  t h e  i n j e c t i o n  which i s  a t  ma ins t r eam t e m p e r a t u r e  and n o t  a f f e c t e d  
by t h e  s e c o n d a r y  f l o w ,  s o  t h a t  t h e  p r o b e  i n d i c a t e s  t h e  t e m p e r a t u r e  
d i f f e r e n c e  between t h e  l a r g e  j u n c t i o n  and  t h e  ma ins t r eam.  A t r a -  
v e r s i n g  a s sembly  f o r  t h e  p r o b e  p r o v i d e s  movement i n  t h e  a x i a l  d i r e c -  
t i o n  and i n  t h e  d i r e c t i o n  normal  t o  t h e  a d i a b a t i c t e s t  p l a t e ,  The 
l a t e r a l  p o s i t i o n  of t h e  p r o b e ,  r e l a t i v e  t o  t h e  i n j e c t i o n  l o c a t i o n ,  
i s  v a r i e d  by moving t h e  i n j e c t i o n  s e c t i o n  of t h e  t u n n e l .  
A h o t  f i l m  p r o b e  w i t h  a  0 . 0 2 5  mm d i a m e r  x  0.51 mm l o n g  s e n s o r  i s  
used  f o r  v e l o c i t y  measurements .  The p r o b e  i s  o p e r a t e d  by a  c o n s t a n t  
t e m p e r a t u r e  h o t  w i r e  anemometer sys tem which ,  i n  a d d i t i o n  t o  m a i n t a i n i n g  
t h e  s e n s o r  a t  c o n s t a n t  t e m p e r a t u r e ,  p r o v i d e s  a  s i g n a l  m o n i t o r i n g  
v o l t m e t e r .  The p r o b e  i s  c a l i b r a t e d  i n  t h e  t u n n e l  i n  t h e  a b s e n c e  of 
s e c o n d a r y  f l o w  by measur ing  t h e  f r e e s t r e a m  v e l o c i t y  u s i n g  a  t o t a l  
p r e s s u r e  p r o b e  a s  r e f e r e n c e .  The t u r b u l e n c e  i n t e n s i t y  i n  t h e  f l o w  
f i e l d  i s  a l s o  measured u s i n g  t h e  h o t  f i l m  p r o b e  anemometer. 
l 'unnel  O v e r a t  i n n  C o n d i t i o n s  
The t u n n e l  o p e r a t i n g  c o n d i t i o n s  a r e  b a s i c a l l y  t h e  same a s  t h o s e  
used  e a r l i e r  ( 1 3 ) .  These a r e  : 1 )  a  f u l l y  deve loped  t u r b u l e n t  boun- 
- 
d a r y  l a y e r  on t h e  t e s t  s u r f a c e  i n  t h e  a b s e n c e  o f  secondary  f l o w ,  2 )  
ma ins t r eam v e l o c i t y  o f  e i t h e r  30 o r  61  m e t e r s  p e r  s e c o n d ,  3)  boun- 
d a r y  l a y e r  d i s p l a c e m e n t  t h i c k n e s s  a t  t h e  90" i n j e c t i o n  l o c a t i o n  o f  
0 .09 cm and 0.07 cm f o r  30 and 6 1  m e t e r s  p e r  second r e s p e c t i v e l y  and 
a t  t h e  35' i n j e c t i o n  l o c a t i o n  of  0.14 cm and 0.12 cm f o r  30 and 51 
m e t e r s  p e r  second r e s p e c t i v e l y ,  4 )  f u l l y  deve loped  t u r b u l e n t  p i p e  
f l o w  a t  t h e  end of  t h e  i n j e c t i o n  t u b e  i n  t h e  a b s e n c e  of p r i m a r y  f l o w ,  
5 )  a  u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n  a t  t h e  end o f  t h e  i n j e c t i o n  tube 
i n  t h e  a b s e n c e  of  p r i m a r y  f l o w ,  6)  i n j e c t i o n  a i r  t e m p e r a t u r e  a p p r o x -  
i m a t e l y  5 5 ' ~  h i g h e r  t h a n  t h a t  of  t h e  ma ins t r eam f o r  t e m p e r a t u r e  
s t u d i e s ,  7 )  i n j e c t i o n  t e m p e r a t u r e  a p p r o x i m a t e l y  e q u a l  t o  t h a t  of  t h e  
mains t ream f o r  v e l o c i t y  s t u d i e s  and 8 )  s t e a d y  s t a t e  c o n d i t i o n s  
d u r i n g  t h e  t e s t s .  
'The p r o b e  i s  p o s i t i o n e d  a l o n g  t h e  t u n n e l  c e n t e r l i n e  and t h e  
v a r i o u s  l a t e r a l  p o s i t i o n s  a r e  o b t a i n e d  by t r a n s l a t i n g  t h e  i n j e c t i o n  
t u b e  l a t e r a l l y  r e l a t i v e  t o  t h e  t u n n e l  c e n t e r l i n e .  The d i s t r i b u t i o n s  
a r e  l a t e r a l l y  symmet r i c ,  and u s u a l l y  t h e  t u b e  i s  o n l y  moved i n  one 
d i r e c t i o n  from t h e  t u n n e l  c e n t e r l i n e .  
V. EXPERIMENTAL RESULTS 
V i s u a l i z a t i o n  S t u d i e s  
I .  T u f t  S tudy  
A s m a l l  t u f t  o f  y a r n  a t t a c h e d  t o  t h e  end of  a t h i n  r o d  was used  
t o  examine t h e  f l o w  f i e l d  i n  and a round  t h e  j e t .  A s k e t c h  of  
t h e  obse rved  f i e l d  i s  shown i n  F i g u r e  1. A s  t h e  j e t  e n t e r s  i t  
l c a v c s  3 v o i d  (low p r e s s u r e  c o n d i t i o n )  downstream o f  i t  which i s  
S i  l l c d  by ma ins t r eam a i r  moving around t h e  j e t .  I n  t h e  r e g i o n  
n e a r  t h e  w a l l  and f o r  a  d i s t a n c e  a l m o s t  ha l fway around t h e  j e t  
t h e  f low p a t t e r n s  l o o k  s i m i l a r  t o  what i s  6 u n d  a round  a  c y l i n d e r  
i l l  c r o s s  f l o w .  The f l o w  c o n t i n u e s  a round  t h e  j e t  and i n t o  t h e  
a p p a r e n t  low p r e s s u r e  r e g i o n  on i t s  downstream s i d e .  
A t  b lowing r a t e  of  two, immedia te ly  downstream of t h e  i n -  
j e c t i o n  l o c a t i o n  t h e  incoming ma ins t r eam a i r  moves p a r a l l e l  t o  
t h e  F loor  o f  t h e  t u n n e l  and l a t e r a l l y  w i t h  a lmos t  no component 
of  v e l o c i t y  i n  t h e  downstream d i r e c t i o n .  A s  t h e  mains t ream a i r  moves 
towards  t h e  z e r o  l a t e r a l  p o s i t i o n  ( Z / D = O )  i t  b e g i n s  t o  move upward 
away Irom t h e  w a l l ,  a p p a r e n t l y  b e i n g  e n t r a i n e d  by t h e  j e t .  T h i s  
r e g i o n  where t h e  a i r  e n t e r s  i n  from t h e  s i d e  and t h e n  moves v e r -  
t i c a l l y  e x t e n d s  a p p r o x i m a t e l y  two d i a m e t e r s  downstream and i s  a 
r e g i o n  of ex t r eme  f l u c t u a t i o n s .  
Approximate ly  one  d i a m e t e r  downstream, a s  t h e  a i r  moves v e r -  
t i c a l l y  away from t h e  w a l l  i t  r e a c h e s  a  h e i g h t  where i t  t u r n s  
ups t r eam and r e v e r s e  f l o w  e x i s t s .  A t  g r e a t e r  d i s t a n c e s  from t h e  
w a l l  t h e  f l o w  changes  from r e v e r s e  t o  fo rward  f low.  The 
i n c l i n a t i o n  o f  t h e  j e t  r e l a t i v e  t o  t h e  mains t ream d i r e c t i o n  
r c a c h e s  z e r o  between 2% and 3 d i a m e t e r s  from t h e  \ c a l l .  
F a r t h e r  downstream t h e  f l o w ,  a f t e r  r i s i n g  from t h e  t c n l l ,  
t u r n s  downstream r a t h e r  t h a n  ups t r eam and l a t e r a l  components 
away from t h e  c e n t e r l i n e  a r e  a l s o  o b s e r v e d ,  i n d i c a t i n g  t h e  p o s s -  
i b l e  f o r m a t i o n  of v o r t i c e s  a s  s u g g e s t e d  by p r e v i o u s  i n v e s t i g a -  
t o r s  ( 2 ,  - - 3 ) .  I t  i s  n o t  p o s s i b l e  t o  f o l l o w  t h i s  c i r c u l a t i o n  p a t -  
t e r n  away f rom t h e  c e n t e r l i n e  w i t h  t h e  t u f t  s i n c e  t h e  o u t e r  
p o r t i o n  of  t h e  v o r t e x  f l o w  becomes overwhelmed by t h e  main f l o w  
and t h e  l a t e r a l  v e l o c i t i e s  a p p e a r  t o  d i m i n i s h  r a p i d l y .  A t  
d i s t a n c e s  g r e a t e r  t h a n  two d i a m e t e r s  downstream t h e  l a t e r a l  
v e l o c i t y  components d i m i n i s h  w i t h  a x i a l  d i s t a n c e  u n t i l  a t  a p -  
p r o x i m a t e l y  t e n  d i a m e t e r s  no l a t e r a l  v e l o c i t y  i s  o b s e r v a b l e .  
'I 'ufts w e r e a l s o u s e d  a t  a second b l o w i n g r a t e ,  M = 1. The 
t r e n d s  o b s e r v e d  were  t h e  same a s  t h o s e  f o r  t h e  h i g h e r  i n j e c t i o n  
r a t e ,  t h e  ma ins t r eam f l o w  b e i n g  drawn i n  t o  f i l l  t h e  v o i d  o n  
t h e  downstream s i d e  of t h e  j e t ,  t h i s  flow moving inward and t h e n  
upward. F i n a l l y ,  depend ing  on t h e  a x i a l  p o s i t i o n ,  t h e  f l o w  
moves e i t h e r  u p s t r e a m  ( r e v e r s e  f l o w )  o r  downstream and i s  t h e n  
e n t r a i n e d  by t h e  j e t .  The p r i n c i p l e  d i f f e r e n c e  between t h e  f l o w  
p a t t e r n s  o f  t h e  two b lowing r a t e s  i s  t h a t  a t  t h e  lower  i n j e c t i o n  
r a t e  t h e  v e r t i c a l  components o f  v e l o c i t y  i n  a l l  r e g i o n s  a r e  smaller. 
T a b l e  1 shows t h e  i n c l i n a t i o n  of  t h e  f l o w  i n  t h e  X - U  p l a n e  
3s d e t e r m i n e d  from t h e  t u f t s .  
T a b l e  1 Angle of I n c l i n a t i o n  t o  t h e  Mains t ream i n  t h e  S-Y 
P l a n e  ( d e g r e e s )  Measured w i t h  T u f t ,  Z/D = 0 
2 .  I 'ho tographic  S t u d y  
I n  o r d e r  t o  o b s e r v e  t h e  j e t  a s  it i n t e r a c t s  w i t h  t h e  main- 
s t r e a m ,  a  c a r b o n  d i o x i d e - w a t e r  f o g  i s  i n j e c t e d  t h r o u g h  t h e  i n -  
j c c t i o n  t u b e .  The f o g  i s  produced by p u t t i n g  s o l i d  c a r b o n  d i -  
o x i d e  and  h o t  w a t e r  i n  a  c o n t a i n e r  f i t t e d  w i t h  a  t u b e  t o  a l l o w  
p a s s a g e  o f  t h e  r e s u l t i n g  f o g  t o  t h e  i n j e c t i o n  
t u b e  and i n t o  t h e  t u n n e l .  The mass f l o w  r a t e  i s  d e t e r m i n e d  from 
t h e  change i n  we igh t  o f  t h e  d r y  i c e - w a t e r  c o n t a i n e r .  A blowing 
r a t e  o f  u n i t y  was a c h i e v e d . b y  o p e r a t i n g  t h e  t u n n e l  w i t h  a  main-  
streal11 v e l o c i t y  o f  f i f t e e n  m e t e r s  p e r  second .  White marking 
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t a p e s  ( s e e  F i g u r e  2) a r e  p l a c e d  a x i a l l y  down t h e  c e n t e r l i n e  
( i . ~ . ,  a t  Z/D=O),partway a c r o s s  t h e  s p a n  a t  X / D = l ,  and spann ing  
t h e  f u l l  w i d t h  o f  t h e  t u n n e l  a t  X/D=5 and X/D=10. 
F i g u r e s  2a and 2b, t a k e n  from above  t h e  j e t ,  show t h e  l a t e r a l  
s p r e a d i n g  o f  t h e  j e t  t o  be  q u i t e  l i m i t e d .  F i g u r e s  2c and 2d,  
taken from t h e  s i d e  and downstream of  t h e  incoming j e t  show t h e  
p c n c t r a t i o n  and t u r n i n g  o f  t h e  j e t .  Note t h a t  a t  s h o r t e r  exposure  
t i m e ,  1/1000 s e c . ,  t h e  j e t  i s  i r r e g u l a r l y  shaped and i n t e r m i t t e n t ,  
i n d i c a t i n g  l a r g e  s c a l e  e d d i e s .  To e n s u r e  t h a t  t h e  i n t e r m i t t a n c y  
p i c t u r e d  i s  due  t o  t h e  i n t e r a c t i o n  between t h e  j e t  and mains t ream 
and i s  n o t  i n t r o d u c e d  by i r r e g u l a r i t i e s  i n  t h e  s e c o n d a r y  f l o w  
s y s t e m ,  t h e  t o p  of t h e  t u n n e l  was removed and p i c t u r e s  t a k e n  a t  
1/1000 s e c .  of  t h e  j e t  i n  s t i l l  a i r .  These p i c t u r e s  i n d i c a t e  no 
i r r e g u l a r i t i e s  i n  t h e  j e t  flow. 
' I ' c r n ~ c r a t u r e  D i s t r i b u t i o n  
l ' empera tu re  p r o f i l e s  a r e  p r e s e n t e d  i n  t e r m s  o f  t h e  d i m e n s i o n l e s s  
t c m p e r a t u r c  r a t i o  0 / e 2  f o r  i n j e c t i o n  normal t o  t h e  mains t ream a t  
blowing r a t e s  of  M = 0 . 1 , 0 . 5 ,  1 . 0 ,  and 2 . 0 .  A mains t ream v e l o c i t y  
oS 0 1  m e t e r s  p e r  second i s  used  f o r  M = 0 . 1  and 30 m e t e r s  p e r  second 
Por t h e  o t h e r  b lowing r a t e s .  Check r u n s  made f o r  M = 0 .5  a t  a  
mains t ream v e l o c i t y  of  61  m e t e r s  p e r  second were found t o  have 
t e m p e r a t u r e  p r o f i l e s  s i m i l a r  t o  t h o s e  o b t a i n e d  a t  30 m e t e r s  
p e r  second .  Tempera ture  p r o f i l e s  a r e  a l s o  o b t a i n e d  f o r  two 
b lowing r a t e s  (1 .0  and 2 .0)  w i t h  i n j e c t i o n  a t  
a n  a n g l e  o f  35 d e g r e e s  t o  t h e  main  f l o w  d i r e c t i o n .  The ma ins t r eam 
v e l o c i t y  f o r  t h e s e  t e s t s  i s  30 m e t e r s  p e r  s e c o n d .  
The t e m p e r a t u r e  p r o f i l e s  a t  Z / D = O  f o r  normal  i n j e c t i o n  a r e  
p r e s e n t e d  i n  F i g u r e  3 .  A t  M = 0 . 1 ,  t h e  l o w e s t  b lowing  r a t e  i n v e s -  
t i g a t e d ,  l i t t l e  o r  no p e n e t r a t i o n  of  t h e  s e c o n d a r y  a i r  i n t o  t h e  ma in -  
s t r e a m  o c c u r s .  The maximum t e m p e r a t u r e  o c c u r s  n e a r  o r  a t  t h e  w a l l .  
A s  t h e  j e t  moves downstream it  s p r e a d s  and  t h e  maximum t e m p e r a t u r e  
d e c r e a s e s .  
A t  a  b lowing  r a t e  of 0 . 5  t h e  j e t  p e n e t r a t e s  s i g n i f i c a n t l y  i n t o  
t h e  main f l o w .  A t  X/D=1.37 t h e  maximum t e m p e r a t u r e  o c c u r s  a t  a  p s i - -  
t i o n  0 . 6  d i a m e t e r s  above  t h e  w a l l .  I n  a d d i t i o n  t o  t h e  i n c r e a s e d  
p e n e t r a t i o n ,  t h e  w a l l  and  maximum t e m p e r a t u r e s  a l s o  i n c r e a s e  i n  g o i n g  
from M = 0 . 1  t o  M = 0 . 5 .  A s  t h e  j e t  t r a v e l s  downstream i t  s p r e a d s  
i n  s u c h  a  way t h a t  t h e  l o c a t i o n  of  maximum t e m p e r a t u r e  moves c l o s e r  
t o  t h e  w a l l .  
The p r o f i l e s  f o r  t h e  h i g h e r  b lowing  r a t e s ,  M = 1 . 0  and 2 . 0 ,  i n -  
d i c a t e  l a r g e r  p e n e t r a t i o n s  w i t h  i n c r e a s i n g  b lowing  r a t e .  Note  t h a t  
f o r  M = 1 . 0  t h e  p o s i t i o n  o f  maximum t e m p e r a t u r e  r e m a i n s  n e a r l y  con-  
s t a n t  i n  g o i n g  f rom X/D = 1 . 3 7  t o  X / D  = 3 . 0 6 .  BeyondX/D = 3 . 0 6  t h e  
l o c a t i o n  o f  t h e  maximum t e m p e r a t u r e  d e c r e a s e s  s o m e t h a t  w i t h  i n c r e a s i n g  
a x i a l  d i s t a n c e  a s  b e f o r e .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  p r e v i o u s l y  
d e s c r i b e d  v i s u a l i z a t i o n  s t u d y  i n  which  t h e  u s e  of  t u f t s  i n d i c a t e d  
t h a t  t h e  j e t  i s  s t i l l  moving s l i g h t l y  away f rom t h e  w a l l  a t  X / D  = 3 
:lnd i s  e s s e n t i a l l y  t u r n e d  i n  t h e  d i r e c t i o n  o f  t h e  m a i n s t r e a m  a t  
X / l l  = 5 .  A t  t h e  l a r g e s t  b lowing  r a t e  i n v e s t i g a t e d ,  M = 2 . 0 ,  t h e  j e t  
p e n e t r a t e s  s u f f i c i e n t l y  f a r  i n t o  t h e  main f l o w  t h a t  t h e  w a l l  
t e m p e r a t u r e  i s  n e a r l y  u n a f f e c t e d  by  i t s  p r e s e n c e .  The p o s i t i o n  
above  t h e  w a l l  o f  t h e  maximum t e m p e r a t u r e  i s  found t o  i n c r e a s e  w i t h  
increasing a x i a l  d i s t a n c e  f o r  t h e  e n t i r e  r a n g e  c o n s i d e r e d ,  c o n s i s t e n t  
w i t h  t h e  t u f t  measurements .  
The t e m p e r a t u r e  p r o f i l e s  measured a t  a  l a t e r a l  p o s i t i o n  one 
d i a m e t e r  from t h e  j e t  a x i s  a r e  p r e s e n t e d  i n  F i g u r e  4 .  N o t i c e  t h a t  
f o r  M = 0 . 1 ,  t h e  maximum t e m p e r a t u r e  i n c r e a s e s  w i t h  a x i a l  d i s t a n c e ,  
d u c  t o  t h e  i n c r e a s i n g  l a t e r a l  w i d t h  of  t h e  j e t  a s  i t  moves down- 
s t r e a m .  Comparing t h e  p r o f i l e s  f o r  t h e  v a r i o u s  blowing r a t e s  a t  
Z / I )  =/-[I shows t h a t  t h e  l a t e r a l  s p r e a d i n g  of  t h e  j e t  i n c r e a s e s  w i t h  
blowing r a t e .  
T h e  s p r e a d i n g  e f f e c t s  c a n  b e  b e t t e r  obse rved  by p r e s e n t i n g  t h e  
d a t a  i n  t h e  form of  l i n e s  o f  c o n s t a n t  d i m e n s i o n l e s s  t e m p e r a t u r e ,  
0 / 0 2 )  a t  a  g i v e n  a x i a l  p l a n e  normal  t o  t h e  t u n n e l  f l o o r .  A number 
o f  t h e s e  c o n s t a n t  t e m p e r a t u r e  c o n t o u r s  a r e  p r e s e n t e d  i n  F i g u r e s  
5 t h rough  8 .  
A t  a b lowing r a t e  of  M = 0 . 1 ,  F i g u r e  5 ,  t h e  c o n s t a n t  t e m p e r a t u r e  
a t o u r s  i n d i c a t e  smooth o r  r e g u l a r  s p r e a d i n g  i n  b o t h  t h e  v e r t i c a l  and 
l a t e r a l  d i r e c t i o n s .  F i g u r e  6 shows t h e  e f f e c t  of  p e n e t r a t i o n  
o f  t h e  j e t  f o r  M=0.5. A t  a x i a l  d i s t a n c e s  of  1 .37  and 3 .04  d i a m e t e r s  
clownstream t h e  h i g h e s t  t e m p e r a t u r e  r e g i o n s  a r e  s e e n  t o  be  i n  t h e  
a i r  s t r e a m  above t h e  w a l l .  A t  t h e  p o s i t i o n  X/D=1.37 t h e  j e t  a p p e a r s  
t o  be s t a r t i n g  t o  d e v e l o p  t h e  c h a r a c t e r i s t i c  k idney  shape  obse rved  
i n  p r e v i o u s  v e l o c i t y  s t u d i e s  a t  h i g h e r  b lowing r a t e s ,  (2 ,  2,  4, 5). 
F i g u r e  7 shows a  more pronounced k idney  s h a p e  a t  X/D=l.37 f o r  M=l .0 .  
A s  t h e  j e t  moves downstream i t  s p r e a d s  i n  s u c h  a  way t h a t  t h e  con-  
s t a n t  t e m p e r a t u r e  l i n e s  become n e a r l y  c i r c u l a r .  I n c r e a s i n g  t h e  blow- 
i n g  r a t e  t o  M=2.0, F i g u r e  8 ,  r e s u l t s  i n  t h e  j e t  p e n e t r a t i n g  s u f f i c i e n t l y  
t h a t  i t  i s  a l m o s t  t o t a l l y  above  t h e  w a l l .  The c o n t o u r s  i n d i c a t e  
t h a t  t h e  t e m p e r a t u r e  of  t h e  a i r  f l o w i n g  n e x t  t o  t h e  w a l l  i s  o n l y  
s l i g h t l y  a f f e c t e d  by t h e  j e t .  T h i s  a i r  i s  v e r y  l i k e l y  mains t ream 
a i r  which h a s  moved around and u n d e r  t h e  j e t .  
The c o n s t a n t  t e m p e r a t u r e  c o n t o u r s  a l s o  d e p i c t  t h e  e f f e c t  o f  
s e c o n d a r y  i n j e c t i o n  on t h e  a d i a b a t i c  w a l l  t e m p e r a t u r e  d i s t r i b u t i o n ,  
A t  low i n j e c t i o n  r a t e s  t h e  maximum t e m p e r a t u r e  o c c u r s  on t h e  w a l l  
and a l o n g  t h e  c e n t e r l i n e .  The Limi ted  amount o f  h e a t e d  mass i n j e c t e d  
r c s u l t s  i n  t h i s  maximum t e m p e r a t u r e  b e i n g  r e l a t i v e l y  low and c a u s e s  
i t  t o  d c c r e a s e  r a p i d l y  w i t h  i n c r e a s i n g  a x i a l  d i s t a n c e .  I n c r e a s i n g  
t h e  amount o f  i n j e c t e d  a i r  r a i s e s  t h e  w a l l  t e m p e r a t u r e  u n t j l  a point 
is r e a c h e d  ( a p p r o x i m a t e l y  M = 0 , s )  where t h e  i n c r e a s e d  p e n e t r a t i o n  
c a u s c s  t h e  j e t  t o  move away from t h e  w a l l .  The w a l l  ternpcr- 
n t u r c  t h e n  d e c r e a s e s  w i t h  i n c r e a s i n g  i n j e c t i o n  r a t e .  An i n j e c t i o n  
r a t e  i s  r e a c h e d  where t h e  j e t  i s  t o t a l l y  above t h e  w a l l  and t h e  
w a l l  t c m p e r a t u r e  i s  c l o s e  t o  t h e  mains t ream t e m p e r a t u r e .  F o r  i n -  
j e c t i o n  normal t o  t h e  mains t ream t h i s  o c c u r s  a t  a p p r o x i m a t e l y  M = 2 ,  
Somc t e m p e r a t u r e  p r o f i l e s  f o r  a  round j e t  d i r e c t e d  normal  t o  
t l ~ c  rna i~ l s t r eam have  been  measured p r e v i o u s l y  (11 ,  1 2 )  . One of  t h e  
- -
p r o f i l e s  i n  e a c h  o f  t h e  r e p o r t s  i s  f o r  a  b lowing r a t e  and a x i a l  
p o s i t i o n  s i m i l a r  t o  one  c o n s i d e r e d  i n  t h e  p r e s e n t  s t u d y .  A corn- 
p a r i s o n ,  (?), i n d i c a t e s  r e a s o n a b l e  ag reemen t  which i s  somewhat s u r -  
p r i s i n g  s i n c e  i n  t h e  e a r l i e r  i n v e s t i g a t i o n  t h e  j e t  i s  c o n f i n e d  by 
t h c  t u n n e l  w a l l s .  
A l i m i t e d  number of  t e m p e r a t u r e  p r o f i l e s  f o r  i n j e c t i o n  a t  a n  
t lngle  of  35  d e g r e e s  t o  t h e  ma ins t r eam d i r e c t i o n  a r e  p r e s e n t e d  i n  
1: igurc 9 .  ( A d d i t i o n a l  f i g u r e s  r e p r e s e n t i n g  t e m p e r a t u r e  d i s t r i b u t i o n s  
a t  v a r i o u s  p o s i t i o n s  and b lowing r a t e s  a r e  shown i n  t h e  nppenclis 
f o r  i n j c c t i o n  a t  90' and 35O.) A t  a  b lowing r a t e  o f  U = 1 tlir j e t  
p e n c t r a t e s  w e l l  i n t o  t h e  ma ins t r eam.  A t  t h e  ze ro  l a t e r a l  p o s i t i o n  
t h c  p e n e t r a t i o n  d e p t h ,  a s  c h a r a c t e r i z e d  by t h e  p o s i t i o n  of  maximum 
t e m p e r a t u r e ,  i s  s e e n  t o  i n c r e a s e  w i t h  i n c r e a s i n g  a x i a l  d i s t a n c e ,  
]:or normal i n j e c t i o n  a t  M = 1 . 0  r e c a l l  t h a t  t h e  v e r t i c a l  h e i g h t  of  
maximum t e m p e r a t u r e  d e c r e a s e d  w i t h  i n c r e a s i n g  a x i a l  d i s t a n c e  f o r  
X / D  g r e a t e r  t h a n  a p p r o x i m a t e l y  t h r e e .  The d e p t h  o f  p e n e t r a t i o n  i s  
1 e s s  f o r  55' i n j e c t i o n .  For p e r p e n d i c u l a r  i n j e c t i o n  t h e  maximum 
t e m p e r a t u r e  a t  X / D  = 1 . 3 7  and Z / D  = 0  o c c u r s  a t  Y / D  = P , 2  w h i l e  
Tor 3 5  d c g r e e  i n j e c t i o n  t h e  maximum j e t  t e m p e r a t u r e  h a s  n o t  p e n e t r a t e d  
t o  t h a t  d e p t h  a s  f a r  downstream a s  X / D  = 9 . 8 .  
Away from t h e  a x i s  t h e  t e m p e r a t u r e  l e v e l  d e c r e a s e s  r a p i d l y  when 
go ing  from Z / D  = 0 . 5  t o  Z / D  = 0 .75 .  The j e t  d o e s  n o t  s p r e a d  t o  
Z/D = 1 u n t i l  a p p r o x i m a t e l y  X / D  = 9 . 8 .  T h i s  s p r e a d i n g  i s  c o n s i d e r -  
a b l y  l e s s  t h a n  t h a t  o b s e r v e d  f o r  normal  i n j e c t i o n  ( c f .  F i g u r e  8)- 
A s i g n i f i c a n t  e f f e c t  o f  r educed  p e n e t r a t i o n  a s  compared t o  
normal  i n j e c t i o n  i s  a  much s l o w e r  d e c l i n e  of t h e  maximum tempera -  
t u r e  w i t h  a x i a l  d i s t a n c e  f o r  i n j e c t i o n  a t  35'. Approx ima te ly  t e n  
d i a m e t e r s  downstream and a t  Z / D  = 0  t h e  maximum d i m e n s i o n l e s s  tem- 
p e r a t u r e ,  B / B Z ,  i s  0 . 5  f o r  t h i r t y - f i v e  d e g r e e  i n j e c t i o n  and 0 . 2  
f o r  p e r p e n d i c u l a r  i n j e c t i o n ,  b o t h  f o r  M = 1 . 0 .  
The same compar isons  between t h e  r e s u l t s  f o r  t h e  two i n j e c t i o n  
a n g l e s  t h a t  a r e  made f o r  M = 1 . 0  can  b e  made f o r  M = 2.0.  S p e c i f -  
i c a l l y ,  f o r  35 d e g r e e  i n j e c t i o n  t h e  p e n e t r a t i o n  d e p t h  i s  l e s s ,  and 
t h e  t e m p e r a t u r e  d r o p s  l e s s  r a p i d l y  i n  t h e  a x i a l  d i r e c t i o n ,  b u t  more 
r a p i d l y  i n  t h e  l a t e r a l  d i r e c t i o n .  
The j e t  p e n e t r a t i o n  a s  a  f u n c t i o n  of  a x i a l  p o s i t i o n  i s  shown i n  
F i g u r e  10 f o r  b lowing r a t e s  o f  M=2.0 and 1 . 5  w i t h  normal  i n j e c t i o n  
and n blowing r a t e  of M = Z . O  w i t h  35' i n j e c t i o n .  The measured p o s i -  
t i o n s  of  maximum v e l o c i t y  ( t o  be d i s c u s s e d  l a t e r )  a r e  a l s o  i r rc luded .  
An e m p i r i c a l  r e l a t i o n  f o r  d e t e r m i n i n g  t h e  a x i s  from t h e  p o s i t i o n  
oP maximum v e l o c i t y  of  a  c i r c u l a r  j e t  d e f l e c t e d  by a n  e x t e r n a l  f l o w  
is  p r e s e n t e d  by Abramovich ( 3 ) .  - The r e l a t i o n  i s :  
U W 2  2 . 5  YJ 2 X p m u m  
+ 0 . 5  = +IT 1 +  2 c o t  B 
~ 2 U 2  
2 
p 2 u 2  
The cxper in ien t s  f rom which t h i s  e q u a t i o n  was d e r i v e d  were c a r r i e d  
2 
o u t  Tor 45' < 6 < 90' and 2 < 
- - 
0 2 u 2  
< 2 2  o r  a s s u m i ~ i g  p 2  = p _  
- pmUm' - 
1 .4  - < M - < 4 . 5 .  The j e t  p e n e t r a t i o n  p r e d i c t e d  by e q u a t i o n  I i s  i n -  
c l u d c d  i n  F i g u r e  1 0 .  The f i g u r e  shows t h a t  t h e  ve loc i ty  d a t a  of  t h e  
p r e s e n t  i n v e s t i g a t i o n  f o r  M z 1 . 5  i s  i n  good agreement  w i t h  Abramovich ' s  
e m p i r i c a l  p r e d i c t i o n .  The l a r g e s t  d i f f e r e n c e ,  a t  X / D  = 1 0 ,  is l e s s  
t h a n  t e n  p e r c e n t .  The p o s i t i o n  of maximum t e m p e r a t u r e  i s  below 
t h e  p o s i t i o n  of maximum v e l o c i t y .  
V c l o c i t y  D i s t r i b u t i o n s  
V e l o c i t y  d i s t r i b u t i o n s  a r e  measured f o r  a n  u n h e a t e d  j e t  a t  two 
hlowing r a t e s ,  M = 1 . 0  and 2 . 0 ,  f o r  a  ma ins t r eam v e l o c i t y  o f  3 0  
m c t e r s  p e r  s e c o n d .  The c y l i n d r i c a l  p r o b e  s e n s o r  i s  a l i g n e d  w i t h  i t s  
a x i s  p a r a l l e l  t o  t h e  Z a x i s  s o  t h a t  t h e  v e l o c i t y  measured i s  i n  t h e  
X-Y p l a n e .  The d i r e c t i o n  of t h e  v e l o c i t y  i n  t h i s  p l a n e  i s  n o t  
clcscr ihed hy t h e  p r o b e  measurements .  T h e r e f o r e  what a r e  a c t u a l l y  
~ n e a s u r e d  w i t h  t h e  p r o b e  a r e  v e l o c i t y m g n i t u d e s  i n  t h e  X-Y p l a n e .  
v c l o c i t y  f i e l d .  
I n  a d d i t i o n  t o  t h e  mean v e l o c i t y ,  t h e  v e l o c i t y  f l u c t u a t i o n s  11, 
i n  t h e  X - Y  p l a n e  a r e  a l s o  measured i n  t e rms  o f  t h e  t u r b u l e n c e  i n -  
t e n s  i t y ,  ( L~)/)I~S. I n  c o n v e r t i n g  v o l t a g e  o u t p u t  r e a d i n g s  o f  t h e  con-  
s t a n t  t e m p e r a t u r e  anemometer t o  mean v e l o c i t y  and t u r b u l e n c e  i n t e n -  
s i t y  v a l u c s  t h e  a s s u m p t i o n  i s  made t h a t  t h e  f l u c t u a t i n g  components 
o f  v c l o c i  t y  a r e  s m a l l  r e l a t i v e  t o  t h e  mean v e P o c i Q y .  At a t u r b w -  
l c n c c  i n t e n s i t y  o f  0 . 5  a p p r o x i m a t e l y  t e n  p e r c e n t  e r r o r  ( i n  i n t e n s i t y )  
can  he  i n t r o d u c e d  by t h e  a s s u m p t i o n  of low t u r b u l e n c e  w h i l e  t h i s  
c r r o r  d r o p s  t o  2 .5  p e r c e n t  f o r  a  t u r b u l e n c e  i n t e n s i t y  of 0 . 2 5  (6). 
- 
The c r r o r  i n  v e l o c i t y  i n t r o d u c e d  by t h e  a s s u m p t i o n  of low t u r b u l e n c e  
is a p p r o x i m a t e l y  s i x  p e r c e n t  f o r  a  t u r b u l e n c e  i n t e n s i t y  of  0.5 d r o p -  
p i n g  t o  1 . 5 %  f o r  a  t u r b u l e n c e  i n t e n s i t y  o f  0 .25  ( 6 ) .  The maximum 
- 
t u r b u l e n c e  i n t e n s i t y  o b s e r v e d  i n  t h i s  i n v e s t i g a t i o n  i s  a p p r o x i m a t e l y  
0 . 0 .  I n  a d d i t i o n  t o  e r r o r s  i n t r o d u c e d  by t u r b u l e n c e ,  r e a d i n g  e r r o r s  
o r  10% a n d  2 %  a r e  e s t i m a t e d  t o  e x i s t  i n  t h e  t u r b u l e n c e  and v e l o c i t y  
ntcnsuremcnts r e s p e c t i v e l y ,  
The v e l o c i t y  and t u r b u l e n c e  d i s t r i b u t i o n s  f o r  t h e  b lowing r a t e  
o r  M = 1 . 0  and t h e  l a t e r a l  p o s i t i o n  Z / D  = 0 a r e  p r e s e n t e d  i n  F i g u r e  
I I .  Also  i n c l u d e d  i n  t h e  f i g u r e  a r e  l i n e s  i n d i c a t i n g  t h e  p o s i t i o n s  
of  maximum t e m p e r a t u r e  a s  measured i n  t h e  t e m p e r a t u r e  s t u d y .  To 
[-r l r ther  i n d i c a t e  how t h e  t e m p e r a t u r e  d i s t r i b u t i o n  compares with t h e  
v e l o c i t y ,  t h e  p o s i t i o n  a t  which 8/8,= 0 . 1  i s  i n d i c a t e d .  A t  a x i a l  
p o s i t i o n s  where t h e  f l o w  a n g l e  of i n c l i n a t i o n  t o  t h e  mains t ream i n  
t h c  X-Y p l a n e  i s  a v a i l a b l e  from t h e  t u f t  s t u d y  t h i s  i n f o r m a t i o n  i s  
t a b u l a t e d  on t h e  f i g u r e s .  For X / D  = 1 .37  t h e r e  i s  a  r e g i o n  of n e a r l y  
c o n s t a n t  low v e l o c i t y  from t h e  w a l l  t o  an  e l e v a t i o n  of a p p r o x i m a t e l y  
Y / I )  = I .  I n  t h i s  r e g i o n ,  w h i l e  t h e  magni tude  of t h e  v e l o c i t y  i s  
n e a r l y  u n i f o r m ,  t h e  v i s u a l i z a t i o n  s t u d y  u s i n g  t u f t s  i n d i c a t e s  t h e  
Slow direction i s  v e r y  nonuni form.  I n c l u d e d  i n  t h i s  r e g i o n  i s  some 
r e v e r s e  Slow. I t  i s  i n t o  t h i s  r e g i o n ,  p a r t i c u l a r l y  n e a r  t h e  w a l l ,  
t h a t  t h e  t u f t  s t u d i e s  i n d i c a t e  a  s i z e a b l e  mass f l o w  from t h e  
ma ins t r eam.  A s  migh t  be  e x p e c t e d  from t h e  n a t u r e  of t h e  f l o w ,  t h e  
t u r h u l e n c c  l e v e l  i n  t h i s  r e g i o n  i s  v e r y  l a r g e .  Above t h i s  r e g i o n  
t h e  v e l o c i t y  i n c r e a s e s  u n t i l  a  maximum i s  r e a c h e d  a t  a p p r o x i m a t e l y  
1 . 5  diameters above t h e  w a l l .  A t  t h i s  p o i n t  t h e  v e l o c i t y  i s  i n  t h e  
t h e  d i r e c t i o n  of  t h e  main f l o w .  The p o s i t i o n  of  maximum v e l o c i t y  
i s  s c c n  t o  be  above t h a t  of  t h e  t e m p e r a t u r e  a s  i n d i c a t e d  e a r l i e r  in 
1:igurc 1 0 .  F a r t h e r  f rom t h e  w a l l  t h e  v e l o c i t y  d e c r e a s e s  u n t i l  i t  
c y u a l s  t h a t  o f  t h e  ma ins t r eam.  
A s  t h e  j e t  moves f a r t h e r  downstream i t  i s  t u r n e d  and a c c e l e r a t e d  
i n  t h e  d i r e c t i o n  of  ma ins t r eam f l o w .  T h i s  a c c e l e r a t i o n  a p p e a r s  t o  
t a k e  p l a c e  b o t h  a l o n g  t h e  upper  and lower edge  o f  t h e  j e t ,  a s  i n d i -  
c a t e d  by t h e  v e l o c i t y  peak n e a r  t h e  w a l l .  A s  t h e  v e l o c i t y  i n c r e a s e s ,  
t h e  t ~ ~ r b u l c n c e  l e v e l  d r o p s .  The r e s u l t s  s f  t h e  t u f t  s t u d y ,  t a b u l a t e d  
o n  t h e  f i g u r e ,  i n d i c a t e  t h a t  t h e  j e t  f l o w  i s  n e a r l y  i n  t h e  d i r e c t i o n  
of  t h e  ma ins t r eam f o r  a x i a l  d i s t a n c e s  g r e a t e r  t h a n  t h r e e  d i a m e t e r s .  
A s l i g h t  d i s t o r t i o n  o f  t h e  v e l o c i t y  f i e l d  s t i l l  e x i s t s  f a r  down- 
s t r e a m .  ' i 'his i s  a p p a r e n t  i n  F i g u r e  11 a t  a n  a x i a l  p o s i t i o n  o f  
X / O  = 2 6 . 2 4  where t h e  p r o f i l e  f o r  M = 0 ,  a l s o  measured w i t h  t h e  h o t  
r i lm p r o b e ,  i s  compared w i t h  t h a t  f o r  M = 1 . 0 .  
V e l o c i t y  and t u r b u l e n c e  p r o f i l e s  a r e  p r e s e n t e d  f o r  a  blowing 
r a t e  of  M = 2.0 i n  F i g u r e  1 2 .  ( A d d i t i o n a l  d a t a  on t h e  v e l o c i t y  d i s -  
t r i b u t i o n s  a r e  c o n t a i n e d  i n  t h e  append ix . )  These p r o f i l e s  a r e  s i m i -  
l a r  i n  shape  t o  t h o s e  f o r  M = 1 . 0 .  A s  e x p e c t e d ,  i n c r e a s i n g  t h e  blow- 
i n g  r a t e  i n c r e a s e s  t h e  h e i g h t  above t h e  w a l l  a t  wh ich  t h e  maximum 
v e l o c i t y  o c c u r s .  Note a l s o  t h e  r e g i o n  o f  r e v e r s e  f l o w  a t  X / D  = B e 3 7 ,  
Coupled w i t h  t h e  i n c r e a s e d  p e n e t r a t i o n  a t  t h e  h i g h e r  b lowing 
r a t e s  i s  t h e  s l o w e r  t u r n i n g  of t h e  j e t  i f i t w  t h e  d i r e c t i o n  c f  t h e  
main f l o w  a s  i n d i c a t e d  by t h e  f l o w  d i r e c t i o n s  measured w i t h  t h e  
t u f t .  These r e s u l t s  a r e  t a b u l a t e d  on F i g u r e  1 2  f o r  e a s y  r e f e r e n c e ,  
V P .  RESUME 
The i n t e r a c t i o n  o f  a  h e a t e d  s u b s o n i c  c i r c u l a r  a i r  j e t  i s s u i n g  
i n t o  a  s u b s o n i c  mainf low o f  a i r  h a s  been i n v e s t i g a t e d  e x p e r i m e n t a l -  
l y .  The j e t  i s  i n t r o d u c e d  i n t o  che  t e s t  s e c t i o n  t h r o u g h  a  c i r c u l a r  
t u b e ,  whose e x i t  i s  f l u s h  w i t h  a  w e l l - i n s u l a t e d  w a l l  of  t h e  t e s t  
t u n n e l .  In  t h e  a b s e n c e  of a  secondary  f l o w ,  a  f u l l y  d e v e l o p e d  f l a t  
p l a t e  t u r b u l e n t  boundary l a y e r  i s  p r e s e n t  and t h e  f r e e s t r e a m  t u r b u -  
l e n c e  i n t e n s i t y  i s  a p p r o x i m a t e l y  0 .5  p e r c e n t .  
V i s u a l i z a t i o n  s t u d i e s  p r e s e n t  i n f o r m a t i o n  on t h e  g e n e r a l  shape  
and p a t h  o f  t h e  incoming j e t  and i n d i c a t e  t h a t  upon e n t r y  t o  a  d e -  
f  l e c t i n g  f l o w  t h e  j e t  boundary i s  v e r y  i r r e g u l a r  w i t h  l a r g e  s c a l e  
e d d i e s .  
As t h e  j e t  e n t e r s ,  mains t ream a i r  i s  drawn i n  from t h e  s i d e s  
t o  f i l l  t h e  low p r e s s u r e  r e g i o n  immedia te ly  downstream of t h e  j e t  
A t  l a r g e  b lowing r a t e s  a  r e v e r s e  f l o w  r e g i o n  e x i s t s o n  t h e  downstream 
s i d e  o f  t h e  e n t e r i n g  j e t .  
Tempera ture  p r o f i l e s  f o r  i n j e c t i o n  p e r p e n d i c u l a r  t o  t h e  main-  
s t r e a m  show t h e  j e t  p e n e t r a t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  b lowing 
r a t e  p a r a m e t e r .  The maximum t e m p e r a t u r e  o c c u r s  a t  o r  n e a r  t h e  w a l l  
f o r  M = 0 . 1  w h i l e  f o r  M=2.0 t h e  maximum i s  a t  a h e i g h t  g r e a t e r  khan 
two d i a m e t e r s  above t h e  w a l l  even  q u i t e  c l o s e  t o  t h e  j e t  e n t r a n c e .  
I n c r e a s i n g  t h e  blowing r a t e  p a r a m e t e r  i n f l u e n c e s  t h e  w a l l  tern- 
p e r a t u r e  i n  two c o u n t e r a c t i n g  ways. The i n c r e a s e d  s e c o n d a r y  mass 
f l o w  and r e s u l t i n g  i n c r e a s e d  e n t h a l p y  a d d i t i o n  t o  t h e  s t r e a m  t e n d  
t o  i n c r e a s e  t h e  t e m p e r a t u r e  w h i l e  t h e  i n c r e a s e d  p e n e t r a t i o n  moves 
t h e  p a t h  o f  t h e  j e t ' s  maximum t e m p e r a t u r e  f a r t h e r  f rom t h e  w a l l  and 
t e n d s  t o  lower t h e  w a l l  t e m p e r a t u r e .  The f i r s t  e f f e c t  p r e d o m i n a t e s  
a t  t h e  lower blowing r a t e s  (M 0 . 5 ) .  A t  l a r g e r  b lowing r a t e s  t h e  
e f f e c t  of  i n c r e a s e d  p e n e t r a t i o n  c a u s e s  t h e  w a l l  t e m p e r a t u r e  t o  d e -  
c l i n e  w i t h  i n c r e a s i n g  blowing r a t e ,  A t  M=2.0 t h e  j e t  p e n e t r a t i o n  i s  
such  t h a t  t h e  j e t  has  v e r y  l i t t l e  e f f e c t  on t h e  w a l l  t e m p e r a t u r e .  
I n j e c t i o n  a t  an a n g l e  of t h i r t y - f i v e  d e g r e e s  t o  t h e  d i r e c t i o n  
o f  main f l o w  e x h i b i t s  l e s s  p e n e t r a t i o n  and l e s s  s p r e a d i n g  i n  b o t h  
t h e  v e r t i c a l  and l a t e r a l  d i r e c t i o n s  t h a n  p e r p e n d i c u l a r  i n j e c t i o n ,  
The r e d u c e d  s p r e a d i n g  i n  t h e  v e r t i c a l  d i r e c t i o n  o c c u r s  a t  b o t h  t h e  
t o p  and bot tom o f  t h e  j e t .  The r educed  s p r e a d i n g  a l o n g  t h e  bot tom 
o f  t h e  j e t  r e s u l t s  i n  l e s s  e f f e c t  of t h e  j e t  on t h e  o f f - a x i s  w a l l  
t e m p e r a t u r e .  
In  an  u n h e a t e d  j e t  e n t e r i n g  p e r p e n d i c u l a r  t o  t h e  ma ins t r eam 
low v e l o c i t i e s  a r e  measured d i r e c t l y  downstream o f  t h e  incoming 
j e t .  Above t h i s  r e g i o n  t h e  v e l o c i t y  i n c r e a s e s  r e a c h i n g  a  maximum 
g r e a t e r  t h a n  t h e  f r e e s t r e a m  v e l o c i t y  and t h e n  d e c l i n e s  t o  t h e  f r e e -  
s t r e a m  v a l u e .  The t u r b u l e n c e  i n t e n s i t y  i s  found t o  be v e r y  l a r g e  
i n  t h e  low v e l o c i t y  r e g i o n .  A s  t h e  j e t  moves f a r t h e r  downstream t h e  
low v e l o c i t y  r e g i o n  i s  a c c e l e r a t e d  by t h e  ma ins t r eam and t h e  t u r -  
b u l e n c e  l e v e l  d r o p s .  Some d i s t o r t i o n  of  t h e  v e l o c i t y  p r o f i l e ,  as  
conpared  t o  t h e  no-blowing c o n d i t i o n ,  e x i s r s  as  f a r  as  26  d i a m e t e r s  
downstream of t h e  i n j e c t i o n  p o s i t i o n .  
A compar ison  o f  t h e  v e l o c i t y  and t e m p e r a t u r e  s t u d i e s  shows t h e  
p o s i t i o n  of maximum v e l o c i t y  t o  be somewhat f a r t h e r  f rom t h e  wa l l  
t h a n  t h e  p o s i t i o n  o f  maximum t e m p e r a t u r e  f o r  t h e  same b lowing rate 
p a r a m e t e r .  T h i s ,  coup led  w i t h  t h e  t u f t  s t u d y ,  s u g g e s t s  t h e  a i r  
i n  t h e  r e g i o n  of maximum v e l o c i t y  i s  i n  t h e  o u t e r  r e g i o n  of  t h e  
j e t  which i s  a c c e l e r a t e d  more t h a n  t h e  r e g i o n  n e a r  t h e  w a l l .  
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Figure 1 Sketch of half jet based on t u f t  observations. 
2 8 
Ma ins t r eam Flow 
a: exposure time 1/1000 sec 
b: exposure time 1/8 sec 
BLOWING RATE, M = 1 
Figure 2 Flow visualization of jet entering free stream 
c :  exposure time 1/10OO sec 
d :  exposure time I/t3 see 
BLOWING M T E ,  M = 0*9 
Figure 2 concluded 
90° INJECTION : Z/D=O 
e /e, 
F igu re  3 Temperature p r o f i l e s  f o r  90' i n j e c t i o n  ang le ,  Z / D = O .  
8 / Q 2  
F i g u r e  4 Tempera ture  p r o f i l e s  f o r  90' i n j e c t i o n  angle, Z/U=l, 
P I D  
F i g u r e  5 C o n s t a n t  t e m p e r a t u r e  c o n t o u r s  for 90" injection 





0 F igu re  9 Temper-ature p r o f i l e s  f o r  35 i n j e c t i o n  a n g l e ,  Z / D = O .  
M A X I M U M  VELOCITY . (3) 
A Maximum Temperature 
A Maximum Vclocit y 
0 Maximum Ta 
6 
F i g u r e  1 0  P o s i t i o n s  of maximum t e m p e r a t u r e  and v e l o c i t y  as  a 
f u n c t i o n  o f  a x i a l  p o s i t i o n  f o r  90° and 350 i n j e c t i o n  










F i g u r e  1 2  V e l o c i t y  and  t u r b u l e n c e  i n t e n s i t y  p r o f i l e s  f o r  90' i n j e c t i o n  angle, 
Z / D = O ,  M=2,0, 
APPENDIX 
Con ta ined  h e r e i n  a r e  a d d i t i o n a l  c u r v e s  showing d e t a i l s  of 
t e m p e r a t u r e  and v e l o c i t y  p r o f i l e s  o b t a i n e d  under  v a r i o u s  c o n d i t i o n s  
i n  t e r m s  o f  blowing r a t e ,  a n g l e  of i n j e c t i o n ,  and p o s i t i o n  a l o n g  
t h e  f l o w .  P a r t s  o f  some o f  t h e s e  f i g u r e s  have  been u s e d  w i t h i n  t h e  
body of  t h i s  r e p o r t ,  b u t  t h e y  a r e  p r e s e n t e d  a g a i n  f o r  t h e  sake o f  
comple teness  i n  t h i s  append ix .  A t a b l e  r e p r e s e n t i n g  t h e  parameters 
of  t h e  d i P f e r e n t  f i g u r e s  i s  as p r e s e n t e d  below. 
Angle o f  I n j e c t i o n  
90' 
90' 
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Tempera ture  
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Tempera ture  
Tempera ture  
Tempera ture  
Tempera ture  
V e l o c i t y  
V e l o c i t y  
V e l o c i t y  
1 ; i g u r e  A l a  T e m p e r a t u r e  p r o f i l e s  f o r  90' i n j e c t i o n  a n g l e ,  M = Q .  1. 
F i g u r e  A lb  
F i g u r e  A2a Tempera tu re  p r o f i l e s  f o r  90' i n j e c t i o n  a n g l e ,  M = O .  2. 
F i g u r e  A2b 

F i g u r e  A3a Tempera ture  p r o f i l e s  f o r  90' i n j e c t i o n  a n g l e ,  M=0.5. 
F i g u r e  A3b 
8 / 8 2  
F i g u r e  A3c 
Figure  A4a Temperature p r o f i l e s  f o r  90' i n j e c t i o n  a n g l e ,  M=0.77. 
F i g u r e  A 4 b  
F i g u r e  A5a Tempera ture  p r o f i l e s  f o r  90' i n j e c t i o n  a n g l e ,  M=1.0. 
F i g u r e  A5b 
8/82 
F i g u r e  A6a Temperature profiles for 90' i n j e c t i o n  angle, M-1.5. 
F i g u r e  A6b 
8/82 
F i g u r e  A6c 

8 / 8  2 
F i g u r e  A 7 a  T e m p e r a t u r e  p r o f i l e s  f o r  90' i n j e c t i o n  a n g l e ,  M=2.0. 
F i g u r e  A7b 
F i g u r e  A 7 c  

F i g u r c  A8a Tempera ture  p r o f i l e s  f o r  35' i n j e c t i o n  a n g l e ,  M=l.O. 
F i g u r e  A8b 
F i g u r e  A9a T e m p e r a t u r e  p r o f i l e s  f o r  35' i n j e c t i o n  a n g l e ,  M=2.0. 
F i g u r e  A9b 
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